Introduction
The eosinophilic granulocyte is one of the most prominent inflammatory cells characterizing allergic airway inflammation. Lower numbers of eosinophils in lung tissues and the blood broadly correlate with an improvement in allergic symptoms, and have been generally considered as a sign of improved control of bronchial inflammation [1] . Eosinophils are known for their capacity to release (i.e., degranulate) highly cytotoxic granules and also a variety of mediators, which can cause direct tissue injury and incite inflammation [2] [3] [4] [5] . One major mode of eosinophil degranulation is cytolysis [6, 7] . During cytolysis, also referred to as cytolytic degranulation, mediator release occurs spontaneously or is linked to necrosis. Fairly recent work has reported an association between the regulation of eosinophil death and the pathological role of eosinophils in the progression of allergic inflammation [8, 9] . More specifically, it is now accepted that delayed or insufficient apoptosis of eosinophils is an important factor in the pathology of asthma [10] [11] [12] . In fact, airway inflammation caused by asthma-associated insults, such as epithelial shedding and allergic immune responses, induces the rapid necrotic death of eosinophils, causing granule deposition throughout the airway tissues [7] . Cytolysis, causing a release of intracellular components, is the characteristic result of necrotic death. Necrosis in eosinophils seems to be a significant proin-flammatory process in disease, since eosinophil cytolysis has often been observed in human [6, [13] [14] [15] [16] and animal [17] tissues undergoing eosinophilic inflammation. Therefore, we developed an interest in modulating eosinophil cell death to avoid eosinophilic cytotoxic mediator release with the goal of minimizing the presence of the proinflammatory components originating from these granulocytes within their surrounding environments.
One candidate that may influence eosinophil survival and the cytolytic release of eosinophil granules is the vitamin D 3 active metabolite, calcitriol. There is extensive literature about the ability of calcitriol to evoke cell cycle arrest and increase apoptotic cancer cells [18, 19] . Moreover, a report showed that 1,25-dihydroxyvitamin D 3 was able to maintain the survival of peripheral blood eosinophils from healthy donors, although the effects of calcitriol on cytolytic degranulation in eosinophils was not characterized [20] .
Vitamin D is a fat-soluble lipid within the secosteroid group, primarily known to play an essential role in the regulation of calcium absorption from the gastrointestinal tract. There is considerable evidence supporting alternative functions of vitamin D beyond calcium regulation. Despite the well-known role of calcitriol in immune responses, the mechanism by which calcitriol may mitigate eosinophil function is largely unknown. The major aim of this study was to understand whether it is possible to regulate eosinophil survival and cytolytic degranulation in eosinophils.
In this study, we report that calcitriol can directly regulate eosinophil inflammatory effects by reducing the necrotic release of intact granules as well as active eosinophil peroxidase (EPX). We propose that reducing eosinophil cytolytic degranulation of proinflammatory mediators could minimize mucosal tissue injury in airway allergic inflammatory pathologies.
Materials and Methods

Blood Donors
Adult blood donors were recruited from the general public in the area of Edmonton, AB. Blood collection was restricted to adult donors (i.e., at least 18 years old) who had mild eosinophilia (i.e., >4% of total white blood cell count) as well as self-reported allergies and/or allergic asthma, but not currently using corticosteroids. Approval for the study was obtained from the local Ethics Research Board at the Faculty of Medicine and Dentistry (University of Alberta) and all adult subjects gave their informed consent according to the Helsinki protocol.
Peripheral Blood Eosinophil Isolation
Peripheral blood eosinophils from atopic donors were purified as previously described [21] . Briefly, venous blood (100 mL) was collected from the cephalic or median cubital veins in EDTA-coated vacutainers (BD Vacutainer ® , BD Hemogard TM , Franklin Lakes, NJ, USA). Erythrocytes were sedimented using a dextran gradient (6% in RPMI) (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada). Granulocytes were separated from mononuclear cells by centrifugation using Ficoll-Paque TM Plus (GE-HealthCare Ltd., Uppsala, Sweden). Eosinophils were further purified using EasySep human eosinophil enrichment kit (STEMCELL Technologies TM , Vancouver, BC, Canada) as per manufacturer's instructions. Purity of eosinophil preparations were >98% (contaminating cells were neutrophils and/or lymphocytes).
Viability Assay
Viability levels were measured using the Alexa Fluor ® 488 Annexin V/Dead Cell apoptosis kit (Invitrogen TM , Life Technologies, Eugene, OR, USA) according to the manufacturer's instructions. Acquisition was performed using a BD FACSCanto flow cytometer. Viable cells were double-negative, while necrotic cells were double-positive for annexin-V and propidium iodide (PI).
EPX and Eosinophil Granule Staining
Paraformaldehyde-fixed eosinophil supernatants were labeled with anti-CD63 (AbD Serotec, Kensington, Oxford, England) or matched isotype control (AbD Serotec) antibodies, in order to detect granules. These eosinophils were costained with anti-EPX-biotin (a gift from Dr. Lee, Mayo Clinic, AZ, USA) and streptavidin (Affymetrix eBioscience Inc., San Diego, CA, USA). Both detections were done using the manufacturer's protocols. The levels of free EPX and intact granules were obtained by BD FACSCanto flow cytometer analysis.
EPX Colorimetric Assay
The measurement of EPX release has been described [21] . Briefly, eosinophil suspensions in phenol red-free RPMI (SigmaAldrich) were distributed in a 96-well plate to contain approximately 30,000 cells per well. For the lysed control, eosinophils were subject to -80 ° C freezing and mechanical stress. Platelet-activating factor (PAF) C16 (Sigma-Aldrich, St. Louis, MO, USA) was added to the respective wells for 5 min prior to the addition of the peroxidase substrate solution (OPD 0.9 mg/mL, CaCl 2 1.6 m M , 0.004% H 2 O 2 in HBSS) 1× as a positive control. The plate was incubated for 2 min before the reaction was stopped using 4 M H 2 SO 4 (Sigma-Aldrich Canada Ltd.). Results were calculated as:
EPX activity in media with intact cells EPX released into media EPX activity in media of cell lysate
Each experiment was done in triplicate and absorbance at 450 nm wavelength was read using a BioTek ® PowerWave XS plate reader. All values were normalized to blank readings.
Statistical Analysis
All results are expressed as mean ± standard error of the mean. Comparison between the groups was done using one-way ANO-VA and paired t test statistical tests (GraphPad Prism ® software) where a p value <0.05 was considered significant. The number of double-positive eosinophils for annexin-V and propidium iodide (i.e., the necrotic cell population in the right upper quadrant) decreases while the number of double-negative eosinophils increases according to calcitriol concentration augmentation. b The percentage of viable eosinophils is improved after 24 h of treatment with calcitriol (0.05-1 n M ) in a dose-dependent manner; eosinophil survival is significantly lower than with IL-5 treatment (1 ng/mL) ( n = 5, * p < 0.05). Viability with calcitriol (1-100 n M ) is significantly higher than with media ( n = 5, * * p < 0.05). Viability was determined by annexin-V binding and propidium iodide exclusion on flow cytometry. 
Results
Calcitriol Modulates Eosinophil Survival
To determine if vitamin D influences eosinophil survival, we investigated whether the most active metabolite of vitamin D 3 , calcitriol (1α,25-[OH] 2 D 3 ), may influence the apoptotic and necrotic cellular states of eosinophils. Blood eosinophils from atopic donors were incubated with physiologically relevant concentrations of extrarenal calcitriol (i.e., 0.05-100 n M ) [22] . We observed a dose-dependent reduction of necrotic and apoptotic eosinophils along with an increase of viable eosinophils, in response to increasing doses of calcitriol after 24 h of incubation ( Fig. 1 ).
The effect of calcitriol on eosinophil survival was significant when compared with media alone at a concentration of 10 n M . Therefore, 10 n M of calcitriol was selected for future experiments ( n = 5, IL-5 vs. calcitriol, p < 0.05; Fig. 1 b) . So we demonstrated that calcitriol independently sustained the viability by reducing both apoptosis and necrosis in human blood-derived eosinophils for 24 h ex vivo, in the absence of an additional anti-apoptotic factor.
In order to evaluate the time course of calcitriol effects on eosinophil viability, we performed eosinophil survival assays using calcitriol (10 n M ) over 14 days. Using this time course, we observed that calcitriol on its own is insufficient to sustain eosinophil viability of >75% over a long period, i.e., >3 days ( Fig. 2 ) . We consistently observed that media alone and calcitriol treatments showed reduced survival after day 4 of incubation, while IL-5 plus calcitriol promoted survival. After 3 days of incubation, there was no significant difference between the nontreated and calcitriol-treated eosinophils (day 3, vitamin D 34 ± 9% vs. media 16 ± 9%, p > 0.05, n = 5). However, when calcitriol was added to IL-5, we observe a marked increase of viable eosinophils on day 3. We observed a significant potentiating effect of calcitriol when it was coincubated with IL-5 (1 ng/mL) after 4 days of culture. This effect not only persisted, but became elevated over the following 10 days. This difference between IL-5 plus calcitriol (10 n M ) versus IL-5 alone occurred, respectively, at 7 days (20%), 10 days (24%) and 14 days (32%). This finding depicts a synergistic effect of calcitriol with IL-5 beginning at day 7 (IL-5 + vitamin D 86 ± 2% vs. IL-5 66 ± 2% and vitamin D 5 ± 2%, p < 0.05, n = 12; Fig. 2 a) .
To determine if this coupled effect is specific to the IL-5 receptor, which signals through the IL-5, IL-3 and GM-CSF common β chain [23] , we tested if calcitriol could potentiate the prosurvival of another type of cytokine. Thus, IFN-γ was chosen for a second viability assay. We monitored the effect of IFN-γ (100 ng/mL) in combination with calcitriol (10 n M ) on eosinophil survival over 7 days, as IFN-γ is a less potent promoter of eosinophil survival than IL-5 [24] . Although IFN-γ was, overall, less effective than IL-5 (1 ng/mL) in maintaining the viability of eosinophil populations, we were able to reproduce an analogous trend of effects in comparison to IL-5 and calcitriol experiments through the addition of both IFN-γ (100 ng/mL) and calcitriol (10 n M ) treatment over the 7-day period. Again, the difference in percentage of viable eosinophils between IFN-γ and calcitriol versus IFN-γ alone indicated a synergistic effect on viability at day 7 (IFN-γ + vitamin D 44 ± 9% vs. IFN-γ 22 ± 8% and vitamin D 7 ± 2%, p < 0.05, n = 5). We thus confirmed that the effect of calcitriol on eosinophil survival is not solely dependent on IL-5 ( Fig. 2 b) . Moreover, calcitriol does not appear to modulate the expression of the IL-5 receptor on eosinophils (online suppl. Fig. 1 ; see www.karger.com/doi/10.1159/000450951 for all online suppl. material). We further observed, despite the increase in eosinophil survival and complimentary decrease in necrosis, no significant increase in apoptosis (i.e., eosinophil annexin-V single-positives) throughout the long time course for both combination treatments, i.e., IL-5 + vitamin D and IFN-γ + vitamin D (data not shown).
Calcitriol Influences Necrotic Release
We then explored the idea whether the observed effects of calcitriol on increasing eosinophil viability correlate with the inhibition of eosinophil necrosis, which, consequently, would reduce the release of intact, membranebound granules and proinflammatory mediators into the media, caused by this cytolytic process. This avenue was investigated due to observations that increased small particles appeared in the media, which, it was assumed, resulted from eosinophil necrotic death; on flow cytometry, these particles can, based on their low forward scatter/side scatter (FS/SS) properties, be distinguished from intact cells. As demonstrated in Figure 3 a, the number of particles appears to correlate with an increased incidence of necrosis in cells cultured in media alone (right panel, upper right quadrant). Treatment with IL-5 and calcitriol for a duration of 7 days resulted in increased high FS/SS events (left panel, upper right quadrant), corresponding to intact eosinophils, versus low FS/SS events (left panel, lower left quadrant), corresponding to particles. The most significant decrease in particles occurred within the IL-5 (1 ng/mL) plus calcitriol (10 n M ) treatment population ( Fig. 3 a) . The percentage of particles in media resulting from the coincubation of IL-5 and calcitriol was significantly lower than treatment with IL-5 only (IL-5 + vitamin D 10.8 ± 1.8% vs. IL-5 17.7 ± 2.6%, p = < 0.05, n = 10; Fig. 3 b) . We observed that the IL-5 and calcitriol combination decreased the number of particles in a pattern that correlated with the level of eosinophil necrosis ( Fig. 3 a, b) . Since the nature of particles is complex, we wished to determine the presence of intact granules in the extracellular media as well as the cytotoxic mediators stored in the eosinophil granules. Therefore, we stained permeabilized and nonpermeabilized eosinophil preparations following a 7-day treatment for granules in media only, using the CD63 granule surface marker and EPX, a cytotoxic protein unique to eosinophil granules. We found that membrane-bound CD63+/EPX+ intact granules were indeed present in the particle populations from eosinophil preparations in media alone after 7 days ( Fig. 4 ) .
To investigate the spontaneous release of active EPX from eosinophils, we measured the level of active EPX in culture media following treatment. These results revealed a lower abundance of active EPX in the media supernatant containing calcitriol (10 n M ) in comparison with their respective controls ( Fig. 5 a) . Moreover, all other treatment groups had significantly more EPX release than the IL-5 plus vitamin D group (IL-5 + vitamin D 8 ± 1% vs. IL-5 24 ± 3% vs. vitamin D 64 ± 8% vs. media 72 ± 7%, p < 0.01, n = 9). We observed a consistent decrease in EPX release by adding calcitriol (10 n M ) directly and compared to IL-5 (1 ng/mL) alone ( Fig. 5 b) . These results depict a tendency for EPX release during eosinophil cytolysis which is analogous to the trends in granule release (and necrosis), yet complementary to viability patterns.
We next determined if calcitriol would impact eosinophil sensitivity to a secretagogue such as PAF. We found that calcitriol treatment alone did not affect viable eosinophil EPX release in response to PAF at day 7 ( Fig. 6 ) . In fact, only the treatment groups containing IL-5 (1 ng/mL) were capable of releasing substantial EPX upon PAF stimulation, while other groups lacking IL-5 were less actively degranulating ( Fig. 6 ). In addition, the IL-5 and IL-5 + vitamin D groups were not significantly different from one another. Hence, media and vitamin D data were similar while IL-5 and IL-5 + vitamin D results were elevated similarly. Overall, these results show that the effect of calcitriol on EPX release obtained by PAF stimulation had an inverse relationship to the effect of spontaneous EPX discharge. Again, the sensitivity to PAF seems to reflect levels of viable eosinophils in all treatment groups at day 7 ( Fig. 2 a, 5 a) . By matching data from the various EPX assays to their respective viability data, we observed a significant inverse correlation between the amount of EPX observed in the media and eosinophil viability ( r 2 = 0.9854, p < 0.05; Fig. 7 ). 
Discussion
This is the first study to demonstrate an effect by vitamin D on eosinophil survival and cytolysis. Relating to eosinophil survival, we first confirmed a previous report showing that calcitriol (100 n M ) sustained eosinophil viability for up to 72 h [20] . However, we have extended this finding by showing a similar effect with a 10-fold-lower concentration of calcitriol (10 n M ). Both concentrations of calcitriol are viable in the lung mucosal microenvironment, since the lung epithelium, containing 1α-hydroxylase, has been reported to convert calcifediol into calcitriol at much greater levels in vitro. Hansdottir et al. [25] observed that approximately 1,000 n M of calcifediol was transformed in a constitutive manner into 0.6 n M of calcitriol after 24 h, allowing a high calcitriol concentration at the mucosal level. This conversion can also be done by alveolar macrophages, dendritic cells and lymphocytes, implying that the extrarenal expression of 1α-hydroxylase is specific to the immune system [22, 26] .
In addition, we showed a synergistic effect by combining calcitriol with antiapoptotic cytokines (i.e., IL-5 and IFN-γ). We tested IFN-γ in order to demonstrate that the potentiating effect of calcitriol on eosinophil survival was not exclusive to IL-5 receptor signaling. IFN-γ was chosen due to its signaling initiation, which relies on IFNGR1 and 2 (which interact with JAK1 and 2, respectively), being independent from IL-5 receptor β chain signaling (which relies on β receptor activation to phosphorylate JAK2 exclusively) [23] . The synergism observed when calcitriol and the tested cytokines were combined is indicative that calcitriol triggers a cell survival/death pathway that is distinct from apoptosis. In combination with the lack of changes in apoptotic eosinophil levels and production of cell particles at this same time point, we propose a necrotic pathway as a target for intracellular modulation by calcitriol on eosinophils. In general, our results were in contrast to our original notion that calcitriol may decrease eosinophil survival, similar to its effect on cancer cells. Results from EPX colorimetric assays were paired with corresponding eosinophil viability data from annexin-V/PI assays. EPX activity in media was measured by OPD-based colorimetric assay. Viability was determined by annexin-V binding and PI exclusion by flow cytometry. EPX, eosinophil peroxidase.
Eosinophils are usually known to release their granules by exocytosis, which can occur through the regulated process of piecemeal degranulation [27, 28] . The discharge of eosinophil granules can also be the result of cytolysis (related to necrotic death). Necrosis is often defined as a proinflammatory event, since the liberation of intracellular contents into the tissues from eosinophils allows the contents to act as natural adjuvants which can initiate various immunological activation mechanisms [29] . This is in contrast to apoptosis, which is a prominent anti-inflammatory mechanism for controlling immune cell populations. In asthmatics, apoptotic eosinophils can be detected in the sputum during recovery from acute asthma exacerbations that require corticosteroid treatment. This suggests that eosinophil apoptosis is important in the clearance of airway eosinophils for the resolution of inflammatory responses [30] . Moreover, apoptotic eosinophils are readily engulfed by macrophages, which can be detected in the sputum or airways [30] . Hence, promoting the apoptotic pathway, in preference to necrosis, is one of the current therapeutic approaches for asthma management [1, 31] . Interestingly, there are observations of bronchial tissue that seem to lack apoptotic eosinophils. Research by Kodama et al. [32] failed to show apoptotic eosinophils in mouse tissues following allergic inflammation. Moreover, evidence suggests that cytolytic eosinophils and eosinophilic granules are more commonly found in the allergic airway mucosa and in eosinophil esophagitis [6, 16] . In humans, allergen exposure causes mucosal eosinophilia, accompanied by eosinophil piecemeal degranulation, eosinophil cytolysis, and the deposition of granules [14] . The presence of cell-free granules in the bronchial mucosa also correlates with asthma severity [7, 33, 34] . In fact, epithelial damage and loss as a result of the specific eosinophil granule proteins, major basic protein, eosinophil cationic protein, and EPX, are collectively believed to play a significant role in asthma pathology. It is proposed that major basic protein and EPX are directly involved in epithelial damage, bronchospasm, and increasing vascular permeability in the lung [35] .
Calcitriol was able to significantly reduce the spontaneous release of EPX by eosinophils but not PAF-induced EPX release, when combined with an antiapoptotic cytokine. PAF induces many eosinophil functions in inflammatory responses, so it may be an important factor for eosinophil degranulation in vivo [36] . Examining eosinophil responses to PAF offers insight into the proinflammatory capacity of eosinophils via cytotoxic mediator release upon stimulation. Furthermore, investigating the effect of calcitriol in relation to PAF sensitivity may elucidate vitamin D anti-inflammatory mechanisms. In our study, we showed that calcitriol did not affect eosinophil PAF-sensitivity. This finding was unexpected, since calcitriol suppressed spontaneous EPX release. Interestingly, eosinophil PAF-induced degranulation of EPX followed a trend towards a pattern of viability at day 7 ( Fig. 2 a) . Groups marked by more abundant viable eosinophils (i.e., IL-5 and IL-5 + vitamin D) maintained PAF sensitivity, indicating that PAF responsiveness was likely related to a higher number of viable cells. This parallel finding confirms that viable eosinophils, whether exposed to calcitriol or not, are able to release cytotoxic mediators after 7 days of incubation. We thus conclude that calcitriol does not selectively modulate stimulated eosinophil degranulation responses to PAF.
More than 1,000 genes are under the control of the vitamin D receptor, which is essential for directly mediating the various effects of vitamin D [37] . Accordingly, vitamin D deficiency in humans has been associated with an increase (and/or adverse outcomes) in autoimmune diseases, infections, cardiovascular diseases, and cancer, and is apparently linked to a higher risk of all-cause mortality [19] . Direct evidence supporting a role for vitamin D in asthma has been revealed from genetic studies of vitamin D receptor polymorphisms as a risk factor in different human populations [38] [39] [40] [41] . Vitamin D deficiency has also been studied in relation to the emergence of airway diseases, along with the hypothesis that a deficiency of vitamin D is associated with immune system impairment, leading to inflammatory and autoimmune manifestations. In multiple studies, low serum vitamin D (25- [OH]D 3 ) has been associated with poor lung function as well as increased airway hyperactivity, allergy, and asthma, in adults as well as in adolescents and children [42] [43] [44] . Lung epithelial cells express the enzyme 1α-hydroxylase, which catalyzes the conversion of the vitamin D precursor calcidiol (25- [25] . This function of the lung epithelia suggests that local concentrations of calcitriol are able to rise independently from circulating levels, and may reach higher concentrations than systemic vitamin D. It also implies an immunologic role for this particular microenvironment, beyond calcium regulation.
We also determined the presence of eosinophil granules in particles present in the media, which suggests that this could be a useful indicator of eosinophil necrosis. Besides confirming the presence of free EPX, the dispersion of CD63+/EPX+ granules within particles in the media is suggestive of direct intact granule release. The association between particle levels and necrotic cell counts in our study is in line with the documented phenomenon of cellfree granules in eosinophilic disease [7] . Cytolysis, as cell demise, causes the discharge of diverse cellular components, including intact membrane-bound granules, into the surrounding environment. Indeed, whole, extracellular eosinophil granules have been reported to release their content upon receptor stimulation [45] . In allergic asthma, sustaining eosinophil viability with calcitriol may at first appear an unfavorable outcome, but the consecutive reduction of granule deposition might result in less mucosal damage and inflammation, supporting e notion of an anti-inflammatory role for calcitriol in this context. In conclusion, our data suggest a new antinecrotic/antiapoptotic function for calcitriol, and possibly other vitamin D metabolites that will need to be studied further.
